A commercial alumina nanopowder has been applied to prepare high density alumina ceramic specimens using a simple slip casting method. Slurry preparation process is one of important steps to enhance density and optical property of alumina specimens to be fabricated. In this work, the effect of the amount of ammonium salt of poly(methacrylic) acid dispersant and polyvinyl alcohol binder in alumina suspension on the slurry viscosity was discussed. Green body with relative density higher than 55 could exhibit homogenous appearance when a certain ratio of dispersant to binder is employed. The fully dense translucent alumina compact consisting of submicron grain could be fabricated by atmospheric sintering at 1350°C with soaking time of 3600 s and further HIP-sintering at 1300°C for 7200 s in argon atmosphere.
Introduction
Alumina ceramic materials have been used in various technological applications because of their advanced physical and chemical properties. It is well known that sintered polycrystalline alumina (PCA) which contains small grain size with high density could exhibit the transparent property.
1)-4)
Referring to the Rayleigh scattering model, Rolf et al. 5) demonstrated that sintered PCA consisting of mean grain sizes smaller than 2 mm could provide outstanding optical transmitting property. However, sintering of ceramic specimens at high temperature to increase their density could oppositely result in growing of crystal grain. 6)-9) Therefore, a controlled sintering process at comparatively low temperature to avoid grain growth is a key to get transparent alumina sintered specimens.
In general there are various shaping methods to prepare ceramic specimens. Anyway slip casting is normally used for forming of traditional ceramics because it could fabricate green body specimen in complicated shape with relatively high density. An important issue to fabricate green body with high density is to control slurry viscosity while solid content with uniform dispersion must be controlled. 10 ), 11) Accordingly various dispersants have been investigated because they could suppress agglomeration of suspending particles by increasing the interparticle repulsive force. 12), 13) Meanwhile some binders are also added into ceramic slurry for improving strength of green body. 14) , 15) The aim of this work is to investigate the possibility to make use of simple slip casting method to prepare translucent alumina ceramic specimens from polycrystalline commercial alumina, which will be a step towards transparent ceramic fabrication. Then the effects of dispersant and binder on properties of alumina slurry is examined to find out the suitable condition to prepare alumina slurry with high solid content for slip casting. Characteristics of calcined and sintered alumina specimens are carried out and then discussed with other previous results.
Experimental 2.1 Material
A high-purity (99.99) commercial alumina powder (TM-DAR, Taimei Chemicals, Co. Ltd., Japan) with 0.17 mm mean diameter and 13.5 m 2 /g specific surface area has been used for preparing alumina slurry. Ammomium salt of poly(methacrylic) acid (NH ＋ 4 -PMAA; Aron A6114, Molecular Weight 6000, Toagousei Co. Ltd., Japan) is added into the slurry to prevent agglomeration of suspended alumina particles. Additionally, a commercial organic binder, polyvinyl alcohol (PVA, Molecular Weight 13000-23000, Sigma-Aldrich, Inc., USA) is also employed to enhance mechanical strength of green body prepared in each experiment.
Sample preparation
Alumina slurries for slip casting have been prepared by dispersing alumina powder in demineralized water with the addition of dispersant and binder of 0.75-3.0 and 0.0-0.5 mass of solid content, respectively. The prepared suspension is then ball-milled by high-grade alumina balls in a Polyethylene (PE) container for 86400 s (24 h). Cylindrical pellets with 30 mm diameter and 4 mm thickness are prepared from the homogenous slurry by slip casting method 
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JCSJapan Promdej et al.: Preparation of translucent alumina ceramic specimen using slip casting method using gypsum molds, which are intentionally prepared to avoid contamination. After slip casting, green body specimens are dried in air and removed from gypsum mold before being dried in an oven at 120°C for 86400 s (24 h) and then calcined at 800°C for 7200 s (2 h). Calcined specimens are subject to 1 kg/m 3 HCl treatment for 3600 s (1 h) in order to remove calcium ion contamination. In sintering process, the specimens are sintered at 1250-1400°C at a heating rate of 1/6°C/s for 1800-18000 s (0.5-5.0 h) in an atmosphere furnace (Vecstar furnace, England) and atmosphere controlled furnace (High muti-5000, Fujidempa, Kogyo Co., Ltd., Japan).
Analysis
The viscosity of alumina slurry is measured by a viscometer (Brookfield DV-E, Brookfield Engineering Laboratories Inc., Massachusetts, USA). The density of alumina specimens is determined by the Archimedes method. The microstructure of prepared specimen are characterized by scanning electron microscope (SEM) (JSM-6480LV, JEOL Ltd., Tokyo, Japan). The shrinkage of specimen is also determined from the dimensional change of the specimens before and after sintering. -PMAA in the range of 0.75-3.0 mass alumina content is varied to investigate its effect on viscosity of alumina slurry prepared for slip casting. As could be observed in Fig. 1 , an increase in the dispersant content could result in a drastic decrease in the apparent viscosity of the alumina slurry when the dispersant concentration is lower than a certain value. But with a further increase in the dispersant content would give rise to a gradual increase in the apparent viscosity of slurry. Therefore, there exists a minimal value of the slurry apparent viscosity, which is also affected by the solid content. With higher solid content (75 mass) the minimal apparent viscosity shifts to a higher values due to the influence of solid interaction.
13) The minimal alumina slurry viscosity with solid loading of 70 and 75 mass could be obtained with the dispersant concentration of 1.18 and 1.25 mass, respectively. This phenomenon is reasonably attributed to the fact that when the amount of dispersant added to the alumina suspension is low, insignificant repulsive force acting among each suspended particle could not hinder the agglomeration of fine alumina particles as illustrated in Fig. 2(a) . At the optimal addition of dispersant content, sufficient amount of dispersant molecules would attach to the surface of suspended alumina particles, resulting in a balance of repulsive and attractive forces acting on suspended particles (Fig. 2(b) ). As a result, a homogeneous suspension of alumina particles prepared with a minimal viscosity could enable us to prepare repeatable slip-cast specimens. However, with a further increase in dispersant concentration, the excessive amount of dispersant molecules would oppositely hinder movement of particles, leading to agglomeration of dispersed particles due to surface tension effect of dispersant as depicted schematically in Fig. 2(c) .
3.2 Effect of PVA binder on the viscosity of alumina slurry PVA binder in the range of 0-0.5 mass is added to the alumina slurries mixed with the optimal dispersant concentration of 1.18 and 1.25 mass with respect to the alumina content of 70, and 75 mass. The relationship between the apparent viscosity of the alumina slurry and PVA concentration is shown in Fig. 3 . For 70 mass alumina content slurry, the apparent viscosity gradually increases from 39 to 280 mPa･s with the increased binder content. Interestingly, with alumina content of 75 mass, the slurry viscosity increases gradually with the binder content up to 0.3 mass (490 mPa･s), and then drastically increases to 1900 mPa･s when the 0.4 mass binder is added. This might be attributable that the binder molecules adsorbed on surface of alumina particles could form weak bridging forces among alumina particles, resulting in flocculation and more viscous slurry. It is well known that to obtain the green body with high density and high green strength, slurry with this highest alumina content is required. Higher alumina content would provide possibility to obtain green body with higher relative density due to formation of lower voidage. 14), 16) In this work the optimal composition of alumina suspension for slip casting in this experiment is 75 mass alumina content and 1.25 mass dispersant with the binder concentration not higher than 0.4 mass. It is found that the strength of green body prepared with the binder content of 0.2 mass is enough for handling.
Properties of calcined specimens
As shown in Fig. 4 , the calcined alumina specimens with PVA content of 0.0-0.4 mass have the relative density higher than 55. It could experimentally be observed the relative density of prepared specimens decreases from 61 to 57 with the increasing PVA concentration from 0.0 to 0.4 mass. The drop of relative density is attributed to an increase in porosity within the specimens due to the decomposition of PVA at the calcining temperature of 800°C.
Baklouti et al. 15) also reported a decrease in alumina specimen strength due to loss of organic binder after calcination because the calcined specimen strength is strongly dependent upon its porosity. Figure 5 . is a typical microscopic image of alumina grains within the pre-calcined green body and calcined body specimens. It could be clearly observed that calcinations could result in a slice increase in the grain size but a small increase in the specimen porosity. For preparation of specimen with high relative density, sintering conditions would be taken into account in the next step of investigation.
Properties of sintered specimens
In the sintering step, calcined specimens will be heated to a certain temperature in a range of 1250-1400°C with a heating rate of 1/6°C/s. Then the specimens will be kept at the sintering temperature for a certain soaking time before cooled down with the cooling rate of 1/6°C/s. The relative density of sintered specimens is compared in Fig. 6 . By pressureless sintering at 1300-1400°C with suddenly cooling (soaking time＝0 s), an increase in the relative density of sintered specimens (▲) from 77 to 97 could be achieved without 
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JCSJapan Promdej et al.: Preparation of translucent alumina ceramic specimen using slip casting method soaking period. On the other hand, the relative density of specimens sintered under atmospheric condition (■) increases from 96 to 100 when sintering at 1250-1350°C with soaking time of 7200 s (2 h). In general, it is supposed that alumina specimens sintered under vacuum condition would have relative density higher than that of atmospheric sintered specimens. However, the density of specimens sintered in a vacuum furnace (◆) is about 5 lower than that of atmospheric sintered specimens. This is attributable to the existence of graphite heating elements in the vacuum furnace, resulting in a reducing condition of oxygen with very low partial pressure. As a result, oxygen would react with the sintered alumina specimens and then lead to higher grain growth. 9) Relative density, grain size and linear shrinkage of specimens sintered at 1350°C with different soaking time of 0 to 18000 s (5 h) are summarized in Table 1 . The relative density increased from 91.6 to 99.9 with an increase in soaking time from 0 to 3600 s (1 h). Interestingly, it is found that the grain size increases insignificantly. On the other hand, with soaking time of 7200 s (2 h) or longer alumina grain size increases drastically while the specimen relative density achieves 100. This result suggests that suitable sintering time for preparing alumina specimen with fine grain size and high relative density should be selected. Meanwhile, the shrinkage ratio is not linearly affected by the soaking time.
Comprehensive investigation on this issue should further be explored. A typical SEM micrograph of alumina specimen sintered at 1350°C for 3600 s (1 h) is shown in Fig. 7 . Two pieces of 3.2-mm thick specimens are compared in Fig. 8 . The left specimen was pre-sintered at a temperature of 1350°C for 3600 s (1 h) and the right specimen was further HIP-sintered at a temperature of 1300°C for 7200 s (2 h) under 150 MPa of argon. The later specimen occupying the relative density of 100 exhibits translucency as could be observed in Fig. 8 . It contains fine grains with relatively uniform size smaller than 1 mm and some boundary motion as also reported by Wei. 17) Therefore, it should reasonably be noted that there is possibility to employ the simple slip casting method to prepare translucent and transparent alumina specimens. Anyway, it is also suggested that a post hot-isostatic pressing should be employed to improve the transparency of sintered specimens.
Conclusion
Dispersant and binder could provide significant effect on the apparent viscosity of alumina slurry which is attributable to the interaction among suspended particles. Alumina suspension suitable for slip casting could be prepared with a condition of 75 mass alumina content, 1.25 mass dispersant and 0.2 mass binder. The calcined alumina specimen could successfully be prepared with the relative density higher than 55. Furthermore, fully densified translucent alumina specimen containing grains with uniform submicron size could be prepared by the atmospheric sintering at the temperature of 1350°C with the soaking time of 3600 s (1 h) and further HIP-sintered at 1300°C for 7200 s (2 h) in argon atmosphere.
